Abstract. Single crystals of ErVO 4 were grown by the Czochralski method under ambient pressure in a nitrogen atmosphere. Obtained crystals were transparent with strong pink coloring. Electron paramagnetic resonance (EPR) spectra were recorded as a function of the applied magnetic fi eld. Temperature and angular dependences of the EPR spectra of the samples in the 3-300 K temperature range were analyzed applying both Lorentzian--Gauss approximation for diluted medium and Dyson for dense magnetic medium. EPR-NMR program was done to fi nd local symmetry and spin Hamiltonian parameters of erbium ions.
Introduction
Rare-earth orthovanadates are birefringent crystals (e.g. refractive index of ErVO 4 is 0.227) and meet all necessary technical specifi cations to be a very prospective material for fi ber optical communication systems [1] [2] [3] . They are also interesting due to their unusual magnetic characteristics and useful luminescent properties [4] . Er 3+ :YVO 4 is one of the most promising laser hosts for micro-and diode-pumped solid-state lasers that exhibit a multisite character [4, 5] . ErVO 4 shows a high transmittance from visible to infrared region [6] . The crystals have the zircon structure and belong to the tetragonal space group I4 1 /amd (Fig. 1) . Rare-earth ions occupy sites with local symmetry of D 2d [5] [6] [7] .
Electron paramagnetic resonance (EPR) is a sensitive tool to study local environment around the probe ion and to estimate spin Hamiltonian parameters of rare-earth ions in host crystals. But it is worth remembering that the spin Hamiltonian parameters in diluted systems and concentrated ones usually differ from each other signifi cantly [8] . Moreover, as was found by Misra et al. [8] , the EPR spectrum of the Er 3+ ion in the mixed paramagnetic hosts Ho x Y 1-x VO 4 could be clearly observed only for the samples with x < 0.3 and x  0.8. For the samples with x in the region 0.3 < x < 0.8, EPR spectra could not be observed due to complete broadening of EPR lines, presumably due to very short Er 3+ relaxation times caused by the formation of percolation clusters.
Many papers were devoted to local sites symmetry description in YVO 4 slightly doped with erbium ions [1, [4] [5] [6] [7] [8] , but a few only to EPR properties of concentrated ErVO 4 single crystals [8, 9] . In this paper, we focus our attention on the concentrated media to describe their magnetic properties using EPR spectroscopy.
The study of magnetic erbium ions is diffi cult due to the complex distribution of their energy levels. Erbium is a Kramers ion, 4 f 11 electron confi guration, and the ground state 4 I 15/2 . The ground state of erbium is 16-fold degenerated. The ground state split into two doublets  6 , and  7 with the effective spin S = ½ (g = 6.0 ( 6 ) and g = 6.8 ( 7 )), as well as three quartets  8 with an effective spin S = 3/2. In the Er 3+ surrounding of low symmetry, these quartets split into doublets, which is the source of strong Zeeman interaction anisotropy (Fig. 2) 
Experimental
Single crystals of ErVO 4 were grown by the Czochralski method in an inductively heated iridium crucible of 40 × 40 mm and with passive after heater. Starting materials with 4N purity were heated at 1000°C (Er 2 O 3 ) or at 300°C (V 2 O 5 ) for 6 hours before weighing, mixing, and melting. Due to evaporation of vanadium from the melt during crystal growth process [11] , composition of starting oxides was 1 mol.% shifted toward a higher concentration of V 2 O 5 . Single crystals with 20-mm diameter were grown on a 2-mm iridium rod with a pulling rate of 3-4 mm/h and a rotation of 4-6 rpm. Crystals were grown under ambient pressure in a nitrogen atmosphere. During crystallization, a strong tendency to spiral growth was observed. In spite of the lack of crystal seed, most crystals started to grow along the direction close to c axis with a and b planes (cleavage planes) on the side. Obtained single crystals were transparent with strong pink coloring. In order to determine crystal quality, high-resolution X-ray diffraction measurements were performed using Siemens D5000 diffractometer (Ni-fi ltered CuK radiation).
The samples used for EPR purposes have been shaped as 2.5 × 2.5 × 3.5 mm 3 parallelepipeds with planes perpendicular to crystallographic axes. The ESR spectra were recorded on a conventional X-band Bruker ELEXSYS E 500 CW-spectrometer operating at 9.5 GHz with a 100-kHz magnetic fi eld modulation equipped with the standard helium gas fl ow system. The fi rst crystal absorption spectra derivative was recorded as a function of the applied magnetic induction. In order to determine the local symmetry and localization of the paramagnetic probe in the crystal lattice, the angular dependences of Er 3+ have been drawn. Fitting of experimental data to spin Hamiltonian parameters was carried out using EPR-NMR program [12] . The program sets up a spin Hamiltonian matrix using the parameter matrices entered by the user, and then uses numerical diagonalization to produce the energy eigenvalues. The EPR-NMR was used to simulate the EPR spectra of erbium ion and for comparison with experimental data. All of the spin Hamiltonian parameters were obtained in such a way that the laboratory axis system corresponded to crystallographic axis system. Optimization and normalization (minimization) of the parameters was performed using root-mean-squared deviation method (RMSD). 


Results and discussion
The X-ray rocking curve of ErVO 4 single crystal is presented in Fig. 3 . It is obtained by analyzing the symmetrical (400) X-ray refl ections. Full width at half maximum (FWHM) equals 0.047°. It indicates the good crystallographic quality of the investigated sample.
EPR spectra characteristic of the investigated crystals for several temperatures are presented in Fig. 4 . As one can see, EPR signal is broad and asymmetric and suggests the presence of at least isolated or/and paired centers of Er 3+ ions. The EPR analysis was performed by applying two methods: classical one (LG -Lorentz-Gauss approximation) for diluted magnetic medium and special one, for magnetically dense medium whose EPR lines are broad and asymmetric. In a case of diluted medium for EPR line shape analysis, we applied the following equation [13] : (1) where B is the applied magnetic fi eld, B res is the resonance line position, B is the linewidth, indexes (L) and (G) describe Lorentz and Gauss shapes, respectively. Using Eq. (1) we were able to obtain parameters of spin Hamiltonian, dividing measured EPR line into three components assigned to erbium ions in different lattice positions.
In a case of dense magnetic medium, the EPR line shape analysis was performed using the following equation [14] : (2) where the main symbols in the equation are the same as in Eq. (1). New symbol, , describes the asymmetry of EPR line. Such asymmetric line shapes are usually observed in metallic ferromagnetic materials, because of skin effect [14] , as well as in the case of low symmetry magnets (the presence of nondiagonal elements of the dynamic susceptibility) [15, 16] . Due to the width and position of the EPR lines, positive and negative magnetic fi elds were taken into account.
Applying Eqs. (1) and (2), we have calculated angular dependences of EPR line resonance positions. The angular dependences for both types of media are very similar to each other. This allows us to use the same spin Hamiltonian for the dense and diluted magnetic medium. Calculation of the spin Hamiltonian parameters should allow the identifi cation local symmetry of a paramagnetic center. The EPR lines positions could be analyzed using the following effective spin Hamiltonian [10, 17] :
where ; H isolated is an effective spin Hamiltonian for the isolated erbium ions with an effective spin S = ½;  B is Bohr magneton, g is Zeeman splitting matrix; B is magnetic fi eld; S is the spin operator. (4) is an effective spin Hamiltonian of ion pairs (e.g., coupled Er 3+ ions), where S i = S j = ½ are effective spins for i, j ions and g i = g j (assuming that the ions are similar and the principal axes of their g tensors are parallel), D ij is a general interaction matrix including all contributions to spin-spin interactions, whatever is their source. Such model allows for the good description of EPR spectra of ErVO 4 single crystal, taking into account also pairs with total spin S = 1. Figure 5 shows the angular dependences of the resonance lines positions for ErVO 4 crystal in all crystallographic planes, bc, ac, ab, and at helium temperatures, in a whole range of crystal rotation. Besides experimental points, there are plotted solid (diluted medium) and dotted lines (dense medium) resulting from fi tting procedure applying the EPR- [12] . From the fi gure, we were able to identify three different lines that are ascribed to erbium ions. First of the lines, observed in the lowest magnetic fi elds, we assigned to the isolated Er 3+ ions, while two other lines, observed in higher magnetic fi elds we assigned to the pairs of Er 3+ ions. As one can see, for both applied methods, points and lines assigned to the pairs of erbium ions correspond each other. The difference is only observed for points and lines assigned to isolated erbium ions, which can be understood as an effect of higher intensity of EPR signal originating from erbium pairs.
So, two kinds of paramagnetic centers are attributed to such a shape of angular dependences. Isolated erbium ions (lower lying line in Fig. 5 ) with an effective spin ½, and pairs of erbium ions (two higher lying lines in Fig. 5 ), each with an effective spin of ½ (total effective spin S = 1). The local symmetry of the isolated centers is D 2d (see Table 1 ) and the EPR signal originates from  7 doublet, while the local symmetry of the pair centers is at least C 2 . Because there is only small difference between angular dependences derived using both methods, we decided to use one of them to calculate effective spin Hamiltonian parameters. By using Fig. 5a (diluted magnetic medium) and effective spin Hamiltonian described by Eqs. (3)- (5) and EPR-NMR program, we performed fi ttings of the angular dependences. The results of the fi ttings are presented in Fig. 5 as lines, and given in Table 1 . The results indicate the high anisotropy of erbium paramagnetic centers and agree with other studies [18] [19] [20] [21] .
Angular dependences of the EPR linewidth for dense magnetic medium approximation, B, are presented in Fig. 6 . Similar angular dependence shows  parameter which was obtained by fi tting experimental measurements to Eq. (2). It suggests that there is a strong correlation between asymmetry of the line and the width. The value of asymmetry parameter  is taken in a range of 0-1. Its value is due to a superposition of different types of interactions. It seems that the Eq. (2) can clearly refl ect magnetic interactions only in a case of strong interactions (alpha different from zero). In a case of Table 1 . Parameters of g and D matrices for erbium centers calculated using effective spin Hamiltonian described by Eqs. (1)- (3) and EPR-NMR program [12] g -= 6.73 (13) weak interactions, EPR signal is more symmetric, and more accurate results could be obtained from Lorentz-Gauss approximation (Eq. (1)). Figure 7 shows temperature evolution of the integral intensity,  EPR , which is usually attributed to EPR magnetic susceptibility. It was calculated as a double integral of the EPR spectrum. As could be seen, ErVO 4 magnetic system fulfi lls Curie-Weiss (CW) relation:
Detailed calculation allowed to obtain the characteristic parameter  CW = -8.26 K, where negative value indicates antiferromagnetic interactions between responsible magnetic centers. Solid line in Fig. 7 represents CW law, but in order to improve the fi tting, we had to additionally take into account some diamagnetic component (C 0 = 9.5 × 10 -5 ). Figure 8 shows the temperature dependence of the EPR susceptibility, collected for the separated signals: isolated and pair erbium centers, drawn using data obtained applying Eq. (2) . The results coincide with the ones obtained from the classical method. The interaction of both kinds of erbium centers is antiferromagnetic like. Isolated ions interacts weakly ( CW ~ -0.28 K) while pairs much strongly ( CW ~ -8.25 K). This confi rms earlier conclusions resulting from analysis of angular dependences (Fig. 5, Table 1 ).
Isolated erbium ions (weakly interacting,  CW ~ -0.28 K) substitute for yttrium ions just like low--doped orthovanadate crystals. Due to very similar ionic radii of erbium (R = 103 Å) and yttrium (R = 104 Å, [22] ), they could occupy the same site symmetry. Erbium pairs ( CW ~ -8.25 K) may be formed as a result of substitution of erbium ions at interstitial sites or as a result of their dislocation to one of crystallographic planes (chains). The latter supposition could also explain the appearance of additional EPR line registered along the c axis (see Fig. 5b ).
Conclusions
Good quality ErVO 4 single crystals were grown by the Czochralski method. EPR spectroscopy was used for fi nding magnetic properties of the crystal. EPR lines are broad and asymmetric and vanish at about 50 K. Analysis of the spectra was possible for both kinds of approximation: dense and diluted magnetic medium, showing many similarities. It allowed for calculating spin Hamiltonian parameters for isolated and paired erbium ions, fi nding also local symmetry of the paramagnetic entities. It is D 2d for isolated erbium ions and lower, at least C 2 , for pairs. Temperature dependences of the EPR spectra revealed the antiferromagnetic character of magnetic interactions in the crystal. Isolated erbium ions occupy positions of yttrium ions, while pairs of erbium ions are formed by the substitution of interstitial positions or the creation of dislocation planes. 
